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Abstract
We consider one of the fundamental debates in performing the relativity theory, namely, the ether
and the relativity points of view, in a way to aid the learning of the subjects. In addition, we
present our views and prospects while describing the issues that being accessible to many physicists
and allowing broader views. Also, we very briefly review the two almost recent observations of
the Webb redshift and the ultra high–energy cosmic rays, and the modified relativity models that
have been presented to justify them, wherein we express that these justifications have not been
performed via a single model with a single mechanism.
PACS number: 03.30.+ p ; 95.85.Ry ; 04.20.Cv ; 98.80.Jk
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In commemorating the first century of the discovery of general relativity by Albert Einstein that
was recognized as a triumph of the human intellect, it would be instructive to look through one
of its fundamental debates, namely, between the ether and the relativity points of view. Certainly,
very vast amount of work have been performed on these subjects and the references given in this
compact survey are not obviously a complete bibliography on these topics, and although we provide
adequate references, it is a self–contained work. However, while we are trying to spell out some basic
issues behind the subject, the work almost provides a brief review in a different perspective about
the long history and the situations of the ether and relativity up to the present days. Nevertheless, it
has not been only aimed to give just a motivation to research on the issue, and we propose, somehow
during the work, to introduce our points of view and prospects on these subjects in a way that being
accessible to many physicists and allowing broader views.
It seems that it was Descartes who first introduced into science the concept of ether as a space–
filling material in the manner of a container and a transmitter between distant bodies (similar to what
that, nowadays, we call it a field) in the first half of seventeenth century [1]. About one generation
after him, perhaps one can consider Newton as one of the ether theory pioneers who practically
introduced ether into physics. Actually, Newton presented the concept of inertia in the first law
(i.e., the inertia law) of his famous three laws of mechanics [2], and in this respect, he considered
an inertial frame as a rigid frame in which free particles move with constant speed in straight lines.
On the other hand, a free particle is a particle that moves with constant speed in a straight line
in an inertial frame; and obviously, this is a vicious circle (or, a logical loop). In another word, it
is ambiguous that what thing distinguishes or singles out the class of inertial frames as criteria or
standards of non–acceleration from all other frames. Newton, who was also aware of this difficulty,
in order to specify the inertial frames from theoretical point of view, employed the idea of absolute
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space with the aid of the notion of ether. He considered absolute space as a rest inertial frame
(or the Newtonian ether) that actually is a very thin motionless media with nearly zero density,
perfect luminosity and strong elasticity character, which is also a conveyer for force transmission. To
Newton’s contemporaries, like Hooke and Huyghens, the ether’s main function was just to carry light
waves and thus, it could also be acted on [1]. However, the Newton idea on the ether based on it
as an acting substance which does not accept reaction, but Leibniz (or, Leibnitz) insisted that the
space is an order of coexistences1 [5, 6]. He argued against the Newton idea of substantival ontology
of space, and believed that this idea leads to contract with the principle of sufficient reason [7]. Also,
Berkley presented some arguments against the Newton absolute space on his work named De Motu
(On Motion) [8]. However, when the luminiferous ether evolved into a cornerstone of the Maxwell
theory [9], it became a plausible marker for the Newton absolute space.
In Newtonian physics, space is a pre–existing stage on which material particles are the characters
acting out the drama of physical events. This point of view is on the contrary to the Aristotelian2
view that space is a plenum (i.e., occupied by matter) and inseparably associated with the material
substance [11, 12]. In fact, the Newton view is a return to the Democritus view that space is a
void with the properties which are independent of the material bodies that move in it [10]. While in
relativistic gravitational physics, again, space cannot be considered apart from the matter that is in
it, and, as the mathematician E.T. Whittaker [10] points out, in this case, the characters create the
stage as they walk about on it, i.e., gravitation has become part of the stage instead of being a player.
In another word, the properties of space in gravitational theories are inseparable from the matter that
is in it. Indeed, it has been pointed out [13] that a basic problem of Newtonian mechanics is that the
extrinsic state of a point particle, i.e. its appearance in space and time (that usually characterized
by its position and velocity), is a priori independent of its intrinsic state (that usually characterized
by its mass). However in quantum physics, each coordinate (or in another word, position that is
the notion of geometry) does not commute with its corresponding momentum (or in another word,
dynamics that can be considered as the notion of, moving, mass); or in other words, for each object,
these two characters are not simultaneously compatible from an observer view. That is, analogous
to the complementarity principle of the particle–wave duality, the issue may be interpreted as in
confrontation with everything, it either represents the aspect of geometry or the aspect of matter in
one instant depending on the experimental arrangements and/or the initial conditions.
Nevertheless, and principally, the innovation of absolute space is while the Galilean transforma-
tions do not distinguish among the inertial frames as well, and thus Newton, in confronting the quarry
that how absolute space can be specified, presented the famous idea of the Newton bucket from the
practical point of view [14, 15]. However, the Newton bucket provides the distinction of a non–inertial
frame, and does not distinguish the inertial frames from each other. That is, any curve or change in
the horizontal level of the bucket water does represent the acceleration of the bucket with respect to
a frame which is itself either an inertial or a non–inertial one. However, Newton accounted it with
respect to an inertial frame (as a criterion to distinguish acceleration), and actually with respect
to a specified inertial one, i.e., absolute space. Although in this regard, Mach also interpreted the
changes with respect to the average motions of all particles in the universe (or, the distant fixed
stars) [16]. Indeed, and in a more accurate expression, the Newton discussion was that any curve of
the horizontal level of the water cannot be because of its relative rotation with respect to the bucket,
however, Mach did consider it as the relative motion between them [17]. Incidentally, and up to the
available experiments, one may also not being able to locally detect an accelerated frame in the large
scales, e.g., the rotation of the earth around the sun and or the rotation of the solar system around
the center of our local galaxy, merely by the idea of the Newton bucket.
Before we continue our discussions, it would be also instructive to review the following well–
1This point of view is a return to the Aristotle idea. Incidentally, this idea is related to the relational physics [3, 4],
which means a physical system is in a way that positions and other properties of things have meanings just with respect
to the other things. This point of view is a prelude to the Mach ideas, particularly the weak version of it.
2The Aristotle point of view on space was asserted in his definition of place as the limit between the surrounding and
the surrounded body [10], and also as the innermost motionless boundary of that which surrounds it [11, 12].
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known proposed experiment on the issue. Consider the rotation of the plane of a swinging Foucault
pendulum at the earth’s north pole. Within the limits of experimental accuracy,3 the remarkable fact
is that the times taken for the earth to rotate a complete round with respect to absolute space, and
relative to the fixed stars are the same. In Newtonian view, there is nothing a priori to predict this
result, and it is just a coincidence. In other words, the result indicates that the fixed stars are not
rotating (or, do not have acceleration) relative to absolute space, and can be employed as a criterion
to specify the class of inertial frames. However in Machian view, one precisely expects that the two
time durations of the measurements must be the same regardless of the accuracy of the instruments,
for, in his view, the detected criteria of acceleration are exactly the fixed stars.
In the historical process, Maxwell offered an another way to specify the Newton ether. In the
ether theory presented by him [9], absolute space is accounted as a media for the light propagation,
and is specified via the Maxwell equations (or from his point of view, the ether equations). Regard-
ing this theory, due to the Fresnel dragging effect [23, 24], the speed of light in the other inertial
frames is different from the ether one, as the Maxwell equations are not invariant under the Galilean
transformations. To investigate the Maxwell ether, the Michelson–Morley experiment [25]-[27] was
performed in the year of 1887, and the Maxwell ether was not confirmed. However, to explain the null
result of the Michelson–Morley experiment, Fitzgerald proposed a hypothesis in the year of 1889 [28].
According to his hypothesis, when a body moves with a constant velocity with respect to the ether,
it will be (really) contracted in the direction of motion.
Lorentz, like Maxwell, believed that the light propagation, similar to the sound, requires a media
which is the ether as the characteristic of absolute rest. Thus, he also proposed [29, 30] a hypothesis
(although independent, but actually an elaboration of the Fitzgerald hypothesis) to explain the
Michelson–Morley experiment. According to the Lorentz ether theory [31], a body with a constant
velocity with respect to the ether is also contracted4 in the direction of motion (the Lorentz–Fitzgerald
contraction) and its clocks are slowed down [32] (i.e., the clock retardation and/or (real) time dilation)
when moving through the ether. By his theory, the results of the Michelson–Morley and even the
Kennedy–Thorndike [33] experiments, which is a broader and more general one than the previous
experiment, are also explained. Incidentally, based on the Lorentz ether theory, and similar to
the Newtonian mechanics, the inertial reference frames are related to each other by the Galilean
transformations, however according to the Lorentz–Fitzgerald contraction hypothesis, the form of
the Maxwell equations still remain invariant. In this case, as the earth is surrounded by the ether,
there are two choices. Either the ether must be dragged by the earth and remains at rest with respect
to it, which the aberration observation [34, 35] has rejected this choice. Or, the ether must not be
dragged by the earth and contains a velocity with respect to it, in a way that the Fresnel dragging
should be observed for light. This subject was investigated via the Fizeau experiment [36]–[38], and
the Lorentz ether theory has also been able to explain the result of this experiment by the aid of
local time dilation hypothesis. Regarding these facts, there have been some debates, comparisons
and investigations about the originality and the equivalence of the Lorentz ether theory with the
special theory of relativity (STR); see, e.g., Refs. [1, 39]–[43] and references therein. However, the
two theories are logically independent, because obviously, the choice of different postulates principally
leads to theories which differ in their simplicity and appeal, although they may observationally be
equivalent.
However, Einstein, and Mach before him, were also among the opponents of the Newton absolute
space, and in this regard, they raised two main objections. First, how absolute space, as an inertial
frame, can be theoretically distinguished and located from all other inertial frames in a unique way.
Second, how absolute space can act on every particle and distinguishes free particles from other ones,
but cannot be acted upon. In general, from the Einstein point of view, the existence of a matter
3Also, the Lense–Thirring precession effect (see, e.g., Refs. [18]–[20]), or actually the frame–dragging effect [21, 22],
must be neglected.
4Such a contraction was accounted in terms of the Lorentz electron theory [31]; however, it is believed that some
other results predicted from his theory could not be found experimentally [24] and the theory has some philosophical
deficit such that its basic assumptions are unverifiable [14].
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which is completely transparent, its nature is unspecified and obscure, and there is no way to prove
its existence,5 was not required. Eventually, in 1905, Einstein by proposing the STR [48], attracted
most of the attentions towards this theory. Actually, Einstein presented his theory by generalizing
the Newton absolute space to the Minkowski spacetime [49] and extending Newtonian relativity with
the Galilean transformations to special relativity with the Lorentz transformations, and could explain
the whole mentioned experiments very well. However in the STR, the inertial frames, as the preferred
ones, are still the references and the criteria for the absoluteness of the concept of acceleration,6 and
yet, the difficulty remains in theoretically distinguishing these class of frames from all other frames.
Indeed, the Galilean relativity principle, in general, contains the four–dimensional special relativity
formulation [52]. Nevertheless, in the STR, as the equivalence of the inertial frames are valid for all
physical laws (including the Maxwell equations), the Maxwell ether hypothesis is rejected. However,
it cannot verify absolute space (although, still has the mentioned objections to it), but it cannot also
deny its existence even though absolute space cannot be distinguished by intrinsic properties from all
other inertial frames. On this point of view, Einstein was not satisfied with the theory too.
It may be surprising, but, perhaps due to some points (like the mentioned ones), even Mach,
whose critiques to the Newtonian mechanics paved the way to the relativity theory smooth (at least
philosophically), was suspicious on the Einstein theory.7 However, due to many experimental verifica-
tions of the STR obtained from the wide diversity of different phenomena, the skeptics had to give up;
indeed, special relativity probably is the most based and reliable tested theory in the contemporary
physics. Nevertheless and despite the enormous experimental robustness on the STR, in the last
two decades, due to the theoretical posited questions, scientists are eagerly looking for experimental
findings that somehow violate the STR [53]. In this regard, the researches are particularly focused on
experiments that indicate violation of the Lorentz symmetry.8 However, and as a rough estimation,
the quantum gravity induced Lorentz violation can only be achieved as a theoretical purpose, for the
natural scale that one would expect (in this respect and as a strong violation) is the Planck energy
of about 1019 GeV, while the highest known energy particles is the ultra high–energy cosmic rays
(UHECR) [55]–[57] of about 1011 GeV and the present accelerator energies are about 103 GeV that
preclude any direct observation of the Planck scale Lorentz violation. Nevertheless and in particular,
some physicists have looked for evidence on invalidity of the principle of relativity [58], or for deriving
special relativity from Galilean mechanics alone [59] and or for testing the STR by investigating what
sort of new bounds can be achieved at high energies while the Lorentz symmetry is not satisfied [60].
On the other hand, on the way to reject absolute space and absolute concept of acceleration,
Einstein himself also attempted to propose the general theory of relativity (GTR) in 1915 [15, 61, 62]
inspired from the Mach ideas [1, 17, 63] and with the aid of the principle of equivalence of gravitation
and inertia [14, 64, 65] as a clue principle.9 Of course, in the GTR, no way or solution has also been
provided for determining the inertial frames, and in fact in this theory, no preference or reference,
as a criterion of non–acceleration, is taken to these frames as well. That is, it is appeared that in
the GTR, the question of how to determine the inertial frames has been deleted. Nonetheless, in
the GTR, contrary to the strong version of the Mach principle (i.e., space is not expressed as an
independent essence/substance, but merely as an abstraction from the totality of distance–relations
5However, nowadays, the discovery of the acceleration of the universe [44]-[47] can be discussed as a possible way of
investigating the contrary to such a claim.
6Thus, the Newton first law is consistent with special relativity. However, for distinguishing the inertial frames from
the rigid frames, instead of the existing context of the Newton first law, one can employ, e.g., the law of light propagation.
In fact, the usual definition of rigid bodies cannot be applied in special relativity, although to be consistent with it, some
new definitions have been stated. For instance, the characteristic of rigidity is assigned to a body as relative–rigidity
that any length element of the body on the move remains invariant with respect to the comoving observer [50] or a body
on the move somehow deforms continuously that each of its infinitesimal elements has just the Lorentz contraction with
respect to the instantaneous rest observer [51].
7His critical view on the STR has been explicitly expressed in the foreward to the ninth edition of his book [16].
8Among the reviews on the Lorentz violation, Ref. [54] includes the theoretical approaches as well as the phenomeno-
logical analysis.
9Meanwhile, for grasping more about the contents and points that led to the advent of the GTR; see Refs. [66]–[70].
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between matter), the spacetime is attained as an independent essence/substance which both acts on
the matter and is reacted upon (indeed, it has the weak version of the Mach principle). Meanwhile,
the confusion surrounding the principle of equivalence led a physicist like Synge to suggest, in the
preface of his book about the GTR [71], that this principle has to be set aside and the facts of absolute
spacetime be faced. Although, to clear some of the ambiguities about the principle of equivalence, it
is emphasized that its statement must be stated locally, wherein by locally it is meant a region over
which the variation of the gravitational field cannot be detected [14]. Nonetheless, even with this
type of statement, it seems that still the ambiguities have not been completely eliminated.10
However, about the two main raised objections on absolute space, in the GTR for elimination of the
first objection, there is no need or preference requirement to propose an absolute space. Resolution
of the second objection is also expressed by accepting an independent essence (or, substance) for
geometry (i.e., space), and actually, by appealing to the weak version of the Mach principle. On
the other hand, while forming the GTR, it was specified [68] via the hole argument (or, problem)11
that the point events of the spacetime manifold had been incorrectly thought of as individuated
independently of the field itself. That is, it is impossible to drag the metric field away from a physical
point in empty spacetime and leave that physical point behind. As Einstein himself wrote [76, 77]
that nothing is physically real but the totality of spacetime point coincidences, and placed [78] great
stress on the inseparability of the metric and the manifold. Hence, the spacetime continuum (i.e.,
physical events) is the same as space points (or, manifold) that are not separated from the metric
(i.e., geometry of space).12 In fact, a key lesson raised from the Einstein gravitational theory is that
the gravitational field has been inseparably twisted/intricated with the geometry of spacetime, and
thus, geometry itself is an impellent essence (or, dynamic).
In this regard, it is worth to mention that most of the leading relativists in the early twentieth
century, for examples, Eddington [79] and even Einstein himself [80], claimed that, in principal, the
GTR is merely an ether theory.13 On this issue, Trautman has asserted [81] that he has presented
the mathematical demonstration of such a claim by obtaining a form of the GTR without spatial
curvature. And recently, by employing a combination of Lorentz’s and Kelvin’s conception of the
ether,14 and actually by using the Lorentz–Kelvin ether theory [40, 82, 83], the Einstein field equations
has been obtained [84].15 Meanwhile, it has also been claimed in Ref. [85] that there is an underlying
relationship between the GTR and Newton’s absolute time and space (via the existence of a preferred
set of coordinates in general relativity16 that is equivalent to Newton’s absolute time and space).
And even it has been asserted [86] that, in terms of the Newton laws within 4–dimensional curved
geometries, the GTR can be exactly described.
Also in relevance to the Mach ideas, some physicists just believe that, in his ideas, the inertial
frames have been replaced by the average motions of all particles in the universe and the influence of
distribution of matter in the immediate vicinity of any particle, as well as the other distant bodies,
determines the inertial frames. Nonetheless, in this kind of belief, this new reference adapts its nature
from the whole matter of the universe. On the other hand, in a few recent decades, some novel ideas
and theories have been proposed as “geometrical description of physical forces”, “geometrical base
10Principally in gravitational physics, energy itself acts as a source of gravity and is not capable of simply being
thrown away, and also one cannot easily rescale the zero point of it [72, 73].
11It had been thought that generally invariant field equations cannot uniquely determine the gravitational field
generated by certain distributions of source masses, in contradiction with the requirement of physical causality [14, 15,
74, 75].
12This is known as the point–coincidence discussion.
13In this respect; see also Ref. [15] and references therein.
14That is, the ether as a substance of some kind, and not a type of vacuum without any properties intrinsic to itself
(e.g., the ether would have the property of ponderability, which is to say, it has the power to gravitate or to generate
curvature).
15By adopting that the ether gravitates only in the presence of matter.
16Note that, in general, any relativistic gravitational equation, including the Einstein equations of the GTR, is needed
to be non–linear, and hence, its number of independent solutions are not finite and the superposition principle is not
also valid for it.
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of material content of the universe”, “geometrical curvature induces matter” and “induced–matter
theory” which usually connect extra dimensions (i.e., geometry) to the properties of the matter [87]–
[96]. Even some gravitational theories have been considered in which the Lagrangian of the geometry,
that is usually supposed to be the characteristic of the geometry alone, just from the beginning, and
indeed a priori, is presented as a function of the geometry and the matter [97]–[105]. Now, inspiring
from these types of ideas and theories, and knowing that, in the Mach ideas, the inertia of a body
is not just the intrinsic property of that body, but is caused by the cosmic masses via some interactions
(where the influence of the distant bodies preponderates),17 one can perhaps relate this cause to be
due to the cosmic background (e.g., the whole geometry of the universe).
Nevertheless, to make the GTR more consistent with even the strong version of the Mach principle,
Einstein inserted18 [106] the well–known term of the cosmological constant19 into his equations.20
However, when de Sitter achieved [107] his solution for the vacuum GTR plus the cosmological
constant term,21 Einstein vehemently retook the inclusion of such a term while describing it as the
biggest mistake he ever made [109]. Even in this regard, realizing that the metric field is not a
phenomenon resulted of matter but has its own independent existence, Einstein, near the end of his
life, gradually decreased his enthusiasm for the Mach principles. Indeed in 1954, he wrote to Pirani
that one should no longer speak of the Mach principles at all [67, 110]. Perhaps the main point of
the issue roots in considering spacetime as a new inertial standard which directly influences by the
active gravitational mass through the Einstein equations, although, in the absence of mass and other
disturbances, still spacetime would straighten itself out into the class of extended inertial frames,
contrary to the idea that all inertia is caused by the cosmic masses.
Nonetheless, by considering the necessity of conformal symmetry breaking, the inclusion of the
cosmological constant term is still proposed to remedy the inconsistency of the Einstein gravitational
theory with the strong version of the Mach principle [111]. On the other hand, besides confronting
the cosmic gravitational collapse (due to gravity among them), there needs to have a kind of repulsing
force for explaining the recent discovered acceleration of the universe [44]-[47], which seems to originate
from “property” of geometry itself or spacetime in global scales, contrary to the well–known forces
up to now. In this respect, the Einstein equations including the cosmological constant term have
again been considered, and this term is interpreted as if the vacuum fluid and the vacuum energy
density,22 see, e.g., Refs. [118, 119]. Incidentally in this regard, the ether energy–momentum tensor
introduced in Ref. [84] is not dissimilar to this term. Also in the last two decades, in the dark energy
issue [120]–[125] (an energy that consists nearly 69% of the matter density of the universe [126, 127]),
it seems as if the geometry (or in another word, space) in the cosmological scale has an anti–gravity
type of interaction. In essence, in these ideas, both the geometry and matter (in its general meaning,
17However in the Mach ideas, there is also no description about why the interaction should be velocity–independent,
but acceleration–dependent, and or indeed, why there is such a distinction between unaccelerated and accelerated
motion in the nature.
18Incidentally, by this insertion, he also provided the possibility of having a static solution for the universe (that was
thought to be so at that time), as an appropriate condition on the GTR.
19Even a sufficiently small value of the cosmological constant can have very important effects on the evolution of the
universe; and although the implications of this term are cosmological, the origin of it is probably to be found in the
quantum theory rather than cosmology.
20The Einstein equations are Gµν = (8piG/c
4)Tµν , where Gµν is the Einstein tensor as a function of the metric and its
derivatives, G is the Newtonian gravitational constant, Tµν is the energy–momentum tensor and the lower case Greek
indices run from zero to three. The Einstein equations plus the cosmological constant are Gµν − Λgµν = (8piG/c
4)Tµν ,
where gµν is the metric tensor and Λ is a constant.
21Meanwhile and almost around the same time, non–static closed solutions of the GTR (corresponding to an expanding
distribution of matter) were discovered, and also it was specified that the universe is not static, but rather is expanding
in the large–scale (that was officially published a few years later [108]).
22Incidentally, according to quantum theory, the vacuum has vacuum fluctuations and an energy tensor (zero–point
energy) that the only form of it (being the same in all inertial frames) is a constant multiple of the metric, i.e. the same
as the cosmological constant term. However, the calculations based on theories of elementary particles yield a value for
the corresponding cosmological constant term to be orders of magnitude far larger than the observations allow. This
discrepancy is known as the cosmological constant problem; see, e.g., Refs. [112]-[117] and references therein.
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including material and radiation) are different aspects of a “thing” (or in another word, existence),
although, even by accepting an independent entity for each one, they would somehow relate to the
other one as well (at least, through that “thing”); see, e.g., Ref. [128] and references therein.
In addition to the dark energy issue, the other cosmological observations have indicated [129]–[133]
that there should also be another kind of matter besides the usual barionic matters, i.e. an exotic fluid
called dark matter, that consists [126, 127] nearly 26% of the matter density of the universe. These two
important cosmological problems and, on the other hand, the quantizing difficulty [72, 73, 128, 134]
of the Einstein gravity (in spite of the impressive successes of it) are, in general, the main reasons that
have raised the need to investigate generalized or alternative gravitational theories. In this respect,
and for instance, one of the alternative theories is the Brans–Dicke gravitational theory [135] that is
more consistent with the Mach ideas. In connection to our discussion, also in this theory, there is a
kind of matter in the form of a scalar field in the whole space in addition to the usual matter (or, the
barionic matter) [136]. Actually, while the Brans–Dicke gravity is regarded as the generalized Einstein
gravity, its Lagrangian can be converted to the Einstein gravitational Lagrangian plus a scalar field
term via the conformal transformation [137, 138]. Meanwhile, in the other gravitational theories of
type of the Brans–Dicke gravity (or in general, the scalar–tensor gravitational theories [137, 139, 140]),
in particular, the chameleonic gravitational theories [141]–[144], by the coupling of a scalar field with
the metric (or in another word, space), the dynamic of the scalar field depends on the surrounding
background density which requires that the interaction of this scalar field with the usual matter
to be of gravitational type. Among different types of the modified gravitational theories, one can
also mention the Einstein–ether [54, 145]–[150] (and references therein) and non–minimal æther-
modified [151] gravity theories. In these theories, in general, the coupling of the Einstein gravity with
a dynamical timelike vector field (representing a preferred rest frame, i.e., ether) is considered.
Essentially, one of the three probable assumptions that Brans and Dicke stated in their work [135]
is that physical space has intrinsic geometry and inertial properties beyond those that can be achieved
from the matter contained therein, however, in their work [135], they proceeded the other assumption
that leads to the Brans–Dicke gravitational theory. Nonetheless, and also according to the Dicke
view [136], the introduced scalar field in this theory is a field that along with the metric are described
as the gravitational field (or in another word, geometry). In this regard, in the ancient time, although
Plato did not accept the view of void space and believed that space is a plenum (i.e., a general
assembly), but his view was also different from the Aristotelian one. In the Plato view, space is an
entity that bodies are made out of it and cannot exist without it [10].23 In other words, Plato identified
space as that in which things come to be [152, 153].
Moreover, in the last two decades, another two observations, namely the Webb redshift [154, 155]
and the UHECR [55]–[57, 156], have been reported while the standard Einstein relativity theory is not
capable to explain these two cosmological phenomena. Hence, it was required that some modifications
and generalizations being performed on the Einstein relativity. In this respect and up to now, there
have been represented several models to describe the Webb redshift, including the models for varying
the constants that participate in determining the atomic structure [157]. Among these types of models,
one can mention the varying electric charge [158] and the varying speed of light (VSL) [159]–[164]
(and references therein) models, where the comparison of these two kinds of models has also been
performed in Ref. [165]. On the other side, along with theories such as the non–commutative field
theory [166, 167], the most reliable models, that attempt to explain the observed UHECR, are known
as the doubly–special–relativity or deformed–special–relativity (DSR) [168]–[174]. However, all the
available modified models on these subjects have been unsuccessful in justifying these two phenomena
via a single model with a single mechanism.
To clarify the latter expression, let us very briefly review how these modified models work. Actu-
ally, it would be instructive to represent a concise description of these two recent phenomena and an
overall explanations on the VSL and the DSR regarding justifications of these two observations.
During the observations of galaxies and distant stars covering the redshift range 0.5 < z < 3.5,
23This point of view seems not to be irrelevant with the strong version of the Mach principle.
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the Australian group of Webb noticed redshifts that can be justified with a variable fine structure
constant [154, 155]. Actually, in the standard cosmology, the ratio of the cosmological redshift (due
to the expansion of the universe) of the absorption lines spectra of atoms on distant galaxies to the
ones of the same atoms in laboratory is predicted to be the same for different amounts of energies
of the absorption bands. However, Webb et al. observed that this ratio depends on the quantum
numbers and the atomic and the molecular structures of the materials that radiate the corresponding
rays, and hence, the structure of the absorption bands should vary due to the redshift caused by the
expansion of the universe. As in the standard cosmology, the redshift usually means distant past,
thus, the explanation of such a phenomenon has been based on having different atomic structure (and
hence, the absorption bands) in distant past with respect to its present structure. In this regard,
among the models that aim to explain the Webb redshift, the VSL models are the best option.
In relativity area and in general, the VSL models can usually be classified into two methods. In
one method, new scalar fields are added to the Einstein–Hilbert Lagrangian, and another method is
mainly based on changing this Lagrangian itself. In general, the appearance of any scalar field can be
performed somehow to make variation in the speed of light, for, naively, it is analogous to have light
rays passing through a dielectric media. It means that the appearance of any dielectric media causes
variation in the speed of light, and if there is no dielectric in the matter media, the constancy of the
speed of light will be in the vacuum. Thus, in these models, the speed of light practically depends
on the appearance of the scalar field, by which also, the other cosmological issues, such as inflation,
flatness and dark energy, are usually described.
As a simple prototype, although general, a scalar–tensor action for the VSL models, analogous to
the one used in Ref. [158], can be written as
S =
∫
d4x
√−g
(
L[g] + L[ψ] + L[m]e−2ψ
)
, (1)
where L[g] ≡ R/16πG is the Einstein–Hilbert Lagrangian, L[ψ] ≡ −ω(ψ)∂αψ ∂αψ/2 + V (ψ), V (ψ) is
a self–interacting potential and L[m] is the matter Lagrangian. Also, R is the Ricci scalar, ω(ψ) is a
varying dimensionless coupling coefficient of the scalar field ψ, g is the determinant of the metric and,
for simplicity, we have set the speed of light, in the absence of the scalar field, to be c (ψ = 0) = 1.
Variations of this action, with respect to the metric and the scalar field, yield
ψ =
1
ω
(
2e−2ψL[m] − ω
′
2
∂αψ∂αψ − V ′
)
(2)
and
Gµν = 8πG
(
T [ψ]µν + T
[m]
µν e
−2ψ
)
, (3)
where the prime denotes the ordinary derivative with respect to the argument, ≡ ; ρρ and T [i]µν ≡
−(2/√−g)δ(√−g L[i])/δgµν . Now, by employing the spatially flat homogeneous and isotropic metric
of the Friedmann–Lemaˆıtre–Robertson–Walker (FLRW)
ds2 = dt2 − a2(t)
(
dr2 + r2dΩ2
)
(4)
that includes the scale factor a(t), the Friedmann–like equation for a perfect fluid achieves as
(
a˙
a
)2
=
8πG
3
(
ρ[m]e−2ψ + ρ[ψ]
)
, (5)
where ρ[m] is the matter density and with the assumption of the scalar field being also homogeneous,
we have ρ[ψ] = ωψ˙2/2 + V . At last, using the cosmological considerations, the resulted equations
specify the way that the scalar field and, in turn, the speed of light vary.
Meanwhile, in the VSL models, one should note that if the metric is assumed to be
ds2 = c2(t)dt2 − a2(t)
(
dr2 + r2dΩ2
)
, (6)
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it cannot by itself being used as the variation of the local speed of light (i.e., as the one that travels
along the null geodesics), and hence, as the local violation of the Lorentz symmetry. Because, the
speed of light, in the absence of matter, is just a criterion of the variation of time with respect to
the place, which this kind of variation does not have an interesting meaning. Indeed, the variation
of the speed of light and the local violation of the Lorentz symmetry, on the Riemannian manifold,
can be considered only in two cases. Either the assumption is that light rays travel on a manifold
and observers are on another one, wherein this case, light rays obviously do not travel along the
null geodesics of the observers. As an example of this case, we can mention the “induced–matter”
models [91, 92] and some of the multi–metric models [175]. Or, as an another case, there exist some
fields on the Riemannian manifold that, by interaction with light, prevent light rays traveling along
the null geodesics [176]–[179].
Among the VSL models, it is worths to mention the bimetric model, e.g. Refs. [176]–[179], in
which the effective metric of light and matter, g˘αβ , is distinct from the spacetime metric gαβ as
g˘αβ ≡ gαβ +B∂αψ ∂βψ, (7)
where B is a constant coefficient with the dimension of the inverse of the energy density. The
corresponding action is
S =
∫
d4x
√−g
(
L[g] + L[ψ] +
√−g˘√−g L˘
[m]
)
, (8)
where all the terms are as in action (1) except that here, ω is constant and the matter Lagrangian
is a function of the effective metric g˘αβ . In this model, light rays do not travel along the spacetime
geodesics, and thus, there exist local variations of the speed of light with respect to the speed of
graviton [176]–[179]. Then, variations of the action, with respect to the metric and the scalar field,
yield
ψ =
1
ω
(
B
√−g˘√−g T˘
[m]µν ∇˘µ∇˘νψ − V ′
)
(9)
and
Gµν = 8πG
(
T [ψ]µν +
√−g˘√−g T˘
[m]
µν
)
. (10)
And again, for all the same mentioned conditions, the corresponding Friedmann–like equation for a
perfect fluid is (
a˙
a
)2
=
8πG
3
(√−g˘√−g ρ˘[m] + ρ[ψ]
)
, (11)
that eventually, with the aid of the cosmological considerations, specifies how the scalar field and, in
turn, the speed of light vary by the time.
As mentioned, the other important recent observation, that is considered as a challenge for the
STR and the Lorentz symmetry, is the UHECR [55]–[57, 156]. At first, let us briefly describe this
phenomenon. When particles usually reach the specified energies, then, due to interaction with the
microwaves background (that can be the cosmic infrared background [180, 181] and or the cosmic
microwaves background [182]), either would be significantly absorbed by the pair–production (like,
for the high–energy photons), or their energies are reduced via the photon–pion production (like,
for the ultra high–energy protons and neutrons). Hence, the ultra high–energy cosmic particles
have limited life–times, and thus, can travel limited distances. In this regard, in the year 1966, in
two distinct papers [183, 184], the threshold energies were specified for the distances that can be
traveled by the ultra high–energy cosmic particles (depending on the amount of their energies) using
the calculations based on the quantum field theory and according to the Lorentz symmetry. These
threshold energies, that are derived via the STR, Eth−SR, are known as the GZK threshold after
Greisen–Zatsepin–Kuzmin. According to these calculations, the threshold energy for the high–energy
photons are about 104 GeV, and for the ultra high–energy protons are about 5 × 1010 GeV [55].
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Nevertheless, the ultra high–energy protons and photons have been observed that their energies are
more than the corresponding calculated threshold energies [55]–[57]. On the other hand, as there is no
source for such ultra high–energy particles inside our galaxy, hence, these particles have, in principle,
been able to travel extragalactic distances. Therefore, this observation infers more life–times for these
particles than the calculated ones based on the Lorentz symmetry and the standard quantum field
theory [56, 57].
To explain the observation of the UHECR, as mentioned, the most reliable approach is the
DSR [168]–[174], wherein, inspired from the notion of quantum gravity, it contains two invariant
scales, e.g., the speed of light and the Planck energy. Of course, in the realm of DSR, different
models have been presented. Some of these models are based on the quantum groups24 and the non–
commutative geometry [170, 172], wherein, the corresponding quantum groups are related to Hopf
algebra. In these type of models, either the corresponding relation of the non–commutative geometry
is one of the obtained results of the quantum groups relations [170], or based on the non–commutative
geometry assumption, the corresponding relations of the quantum groups are resulted [172]. Some
of the other models of the DSR are presented based on the projective linear group [169, 171, 173].
As a prototype of these models, the model of Magueijo–Smolin [169] can be mentioned, in which by
substituting the Fock–Lorentz [186] inertial transformations instead of the Lorentz ones, new trans-
formations, named Magueijo–Smolin, have been defined for the energy–momentum space. Then, by
the new transformations, a specified scale of energy (for instance, the Planck energy) is set as an
invariant for different inertial observations. Also, some other models of the DSR are stated based on
the deformation in the generators of the Lorentz group [168, 174].
However, in general, the common key point, in all of the explaining models [166]–[174] of the
observation of the UHECR, is that the linear equations of the field and also the energy–momentum
are somehow replaced by non–linear ones. For instance, in Ref. [168], the dispersion relation (that
usually specifies the connections between the energy, momentum and mass through the Klein–Gordon
equation, and also is the indicator of the linear equation of wave) is modified by a length parameter
(for instance, the Planck length, ℓp) as a Lorentz violation parameter. Thus, in this way, via the
modified dispersion relation and the conservation laws of energy and momentum, the value of the
threshold energy, Eth−SR, increases to a new value, Eth. For example, in Refs. [168, 174], the change
in the dispersion relation for an ultra–relativistic (i.e., E ≫ m) particle of mass m and energy E has
been considered, via the Lorentz violation parameter and in leading order in the Planck length, as
the non–linear form
E2 ≃ p2 +m2 + ε ℓp p2E, (12)
where p is the momentum of the particle and ε = ±1 depending on the model under consideration.
Note that, as we have set c = 1 = h¯, the Planck length has the dimension of the inverse of energy, and
actually, the Planck energy is the invariant (observer–independent) maximum energy scale similar to
the speed of light for the speed of particles. Also, although relation (12) is not invariant under the
Lorentz transformations, but it is under a sort of amended Lorentz ones depended on the considered
model of the DSR. Then, as the threshold energy of a high–energy particle is the value of the energy
that the particle can interact with the microwaves background, with the aid of relation (12) and the
conservation laws of energy and momentum before and after the collision, the value of the threshold
energy in the case of the Lorentz symmetry, Eth−SR, is amended up to the first–order in the Planck
length to be [174]
Eth + ε ℓp
E3th
8EIR
≃ Eth−SR, (13)
where EIR is the background infrared energy (soft–photon energy) and Eth is the physical (amended)
threshold energy. Nonetheless, we should also mention that there are some problems in the models
of the DSR, such as the lack of a standard approach for achieving the DSR and not having a unique
type of transformations of the spacetime, that have been considered in Ref. [174]. Moreover, it has
24For this subject; see, e.g., Ref. [185].
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been argued [187] that the DSR with an energy–dependent speed of light has some inconsistencies,
and wherein, the present–day observations in particle physics rule out its first–order modification in
the speed of light.
Now, let us consider our above expression about these two types of models. First, in the VSL
models, those scalar (or vector) fields (that are introduced to describe the variation of the speed of
light) essentially need to be assumed almost constants (or very slowly varying) over small cosmological
intervals, for to comply with the recent cosmological considerations. Thus, these models are in no use
for justification of the observed UHECR which are actually effective in those intervals. On the other
hand, although the DSR has emerged as a VSL effective model, but it acts just for the observational
implications of the UHECR [156, 162, 176, 188]. Indeed, with the speed of light as a function of
energy, it predicts the variation of the speed of light in the range of ultra high–energies. Thus, such a
variation of the speed of light in the DSR is in no use for justification of the observed Webb redshift
which indicates the variations of the speed of light in low–energies. Therefore, there is no single
model for justification of these two observed phenomena via a single mechanism. In this regard, in
another work [189], we have defined and introduced a new type of ether model, consistent with the
Mach ideas, that can justify both of the observed phenomena.
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